Abstract-In this paper, we investigate the performance of noncoherent modulation in simultaneous wireless information and power transfer (SWIPT) relay networks. Noncoherent modulation schemes eliminate the need for instantaneous channel state information estimation, and therefore, minimize the overall energy consumption of the network. In particular, we adopt a moments-based approach to develop a comprehensive novel analytical framework for the analysis of the outage probability, achievable throughput, and average symbol error rate (ASER) of a dual-hop SWIPT relay system considering the time switching (TS) and power splitting (PS) receiver architectures. In addition, through the derivation of new asymptotic analytical results for the outage probability and ASER, we analytically demonstrate that the diversity order of the considered system is non-integer less than 1 in the high signal-to-noise (SNR) regime. Our results show that there is a unique value for the PS ratio that minimizes the outage probability of the system, while this is not the case for the TS protocol. We also demonstrate that, in terms of system throughput, the TS relaying scheme is superior to the PS relaying scheme at lower SNR values. An extensive Monte Carlo simulation study is presented to corroborate the proposed analytical model. Index Terms-Noncoherent modulation, relay networks, simultaneous wireless information and power transfer.
I. INTRODUCTION

S
IMULTANEOUS wireless information and power transfer (SWIPT) is an emerging technology which was proposed to prolong the lifetime of energy-constrained wireless networks and to provide an alternative solution to limited lifetime battery-operated devices. In this context, designing efficient transmission mechanisms and protocols for SWIPT has been the recent focus of intensive research, due to its promising applications in the next generation wireless networks [2] - [4] . With SWIPT, a wireless terminal is powered up by a received radio frequency (RF) signal and, simultaneously, information processing is carried out using the same signal [5] .
SWIPT-based relaying was proposed as a promising technique to provide throughput improvement, communication reliability enhancement, and coverage range extension [6] . From this perspective, the theoretical and implementation aspects of SWIPT relay networks have been areas of active research interest (see [7] - [10] and the references therein). A SWIPT-enabled relay terminal harvests energy from the signal transmitted from the source node to forward the information to a destination node. Owing to practical hardware limitations, a relay node is unable to perform the two functions of energy harvesting (EH) and information processing simultaneously, an approach called the ideal receiver [5] . To address this problem, two practically realisable SWIPT relaying protocols were proposed in [11] , namely, time switching (TS) and power splitting (PS) relaying protocols. In the former, the relay switches over time between EH and information processing, whereas, in the latter, the relay uses portion of the received power for EH and the remaining for information processing. One of the key challenges in SWIPT relay systems is that RF-powered relay terminals have a stringent power constraint which limits the use of high power consumption algorithms. Therefore, not only channel coding, routing protocols, and receiver operation policies need to be redesigned for RF-powered relay communications, but also, employing energy efficient modulation techniques is crucial for the design of SWIPT relay systems [12] .
Although there has been a growing literature on SWIPT, particularly, in the context of relay networks, (see [6] - [10] and the references therein), all research studies were built upon the assumption of perfect channel state information (CSI) knowledge to allow for coherent information delivery. Smart world is envisioned as an era in which billions of objects, such as sensors, are connected to a common interface with the ability to automatically and intelligently serve people in a collaborative-aware manner [13] . The basis of this vision is to connect a massive number of low-power small-size devices that incorporate sensing, computation and communication capabilities. In this regard, several fundamental considerations need to be taken into account, in order to successfully support various requirements, such as low deployment cost, long battery life, and low device cost. Noncoherent modulation are simple schemes that eliminate the need of CSI between the connecting objects. Due to the absence of the channel estimation procedure, the hardware complexity of the receiver is reduced and consequently, the power efficiency is increased. This renders noncoherent modulation to be an attractive practical solution and is currently adopted in many standards, such as in IEEE 802.11 [14] .
Recently, noncoherent modulation techniques for SWIPT relay systems have been proposed in [15] - [20] to circumvent channel estimation. In particular, in [15] and [16] , maximumlikelihood detectors were obtained based on TS and PS SWIPT receiver architectures, for amplify-and-forward (AF) and decode-and-forward (DF) relaying, respectively. The performance of the proposed receivers in terms of their average symbol error rate (ASER) was studied via Monte-Carlo simulations only. Furthermore, noncoherent modulation for two-way relay networks was investigated in [17] . Lou et al. [18] , [19] investigated the error rate performance of differential modulation in SWIPT-based AF relaying over Nakagami-m and Rayleigh fading channels, respectively. The derived expressions for the average bit error rate (ABER) are applicable only for the case of binary differential phase-shift keying (BDPSK). In [20] , we derived bounds on the ABER of SWIPT AF relay networks, employing the PS relaying protocol, for BDPSK. In our analysis, we ignored the dependency of the relay-to-destination hop on the source-to-relay hop resulting from the PS at the relay. Our results demonstrated that the bound is tight in the low to medium signal-to-noise (SNR) regime and that there is no loss in the ABER performance in this region.
Although analysing the performance and understanding the limitations of noncoherent SWIPT relay networks in various operational conditions is essential for their design, implementation, testing and deployment stages, to the best of our knowledge, none of the previous works provided a comprehensive analytical treatment to efficiently evaluate the performance of such systems.
It is known that DF relaying incurs extra energy consumption resulting from information decoding at the relay and that AF relaying enjoys a simple operation involving lowcomplexity receiver circuitry [21] making it more attractive in RF-powered relay nodes. Considering this fact and motivated by the above considerations, the aim of this paper is, therefore, to fill this research gap by developing a comprehensive mathematical framework to analytically study the performance of arbitrary M-ary noncoherent frequency-shift keying (M-FSK) and M-ary differential phase-shift keying (M-DPSK) in dualhop AF relaying protocols with TS and PS SWIPT schemes. We also investigate the system performance with an ideal relay receiver as a benchmark relaying scheme, that is based on the ideal receiver in [5] , which processes the information and extracts power from the same received signal. Different from the work presented in [20] , in this work, we consider the assumption of a general SWIPT relay system, where the SNRs of the two hops are correlated. Also, unlike [18] - [20] , where the analysis therein is limited to the ABER, in this work we adopt the moments-based approach to evaluate various performance metrics that quantify the operation of SWIPT relay networks. This includes, but is not limited to, the outage probability, the achievable throughput, the ASER, and the diversity order.
Specifically, the main contributions and results of this paper are summarised as follows:
• We derive a computationally effective exact closed-form expression for the moments of the receive SNR when the channels of the two hops are subject to Rayleigh fading. To the best of our knowledge, this result is novel in literature.
• We employ the Padé approximation (PA) technique to obtain an accurate approximate closed-form rational expression of the corresponding moment generating function (MGF) of the system based on the knowledge of its moments.
• The derived moments and MGF expressions are utilised to evaluate fundamental performance metrics such as, the average SNR (ASNR), the amount-of-fading (AoF), the outage probability, the achievable throughput, and the ASER for the cases of arbitrary M-FSK and M-DPSK.
• We derive new asymptotic expressions for the outage probability and the ASER, respectively.
• Through the derived asymptotic outage probability expression, we demonstrate that the achievable diversity order of the considered system model is non-integer less than 1 and further demonstrate that the second hop is indeed the performance bottleneck for the relaying path.
• The accuracy of all developed analytical models are verified via computer-based Monte Carlo simulations. The remainder of the paper is organised as follows. In Section II, the system model and assumptions are specified. In Section III, analytical closed-form and approximate expressions for the moments and the MGF of the receive SNR are derived, respectively. The evaluations of ASNR, AoF, outage probability, achievable throughput, and ASER are presented in Section IV. We provide a thorough asymptotic analysis of the considered system model in Section V. Simulation results are illustrated in Section VI to corroborate the developed analytical models and to investigate the effect of various system parameters on the performance. Some concluding remarks are given in Section VII.
Notation: Bold lower case letters denote vectors and lower case letters denote scalers. A circularly symmetric complex Gaussian random variable z with mean μ and variance σ 2 is represented as CN (μ, σ 2 ). Also, I N and i n denote the identity matrix of size N and a column vector with 1 at its n-th entry and 0 elsewhere, respectively. Moreover, (.) T , E[z ], |z |, {.}, and ln(.) stand for the transpose, expectation of the random variable z, magnitude of a complex variable z, real part, and natural logarithm, respectively.
II. SYSTEM MODEL
Consider an AF wireless relay system where a source node, S, communicates with a destination node, D, via an intermediate relay node, R. Let h sr and h rd denote the channel coefficients of the first and the second hops, respectively. The source and the destination nodes are assumed to be energy unconstrained nodes powered by either a battery or a power grid. Furthermore, the source transmits its message using a constant transmit power, P s . On the other hand, the relay node has no dedicated power supply and harvests energy from the received signal of S, which is then used as a transmit power over the second hop. Our study considers two wireless EH protocols, namely, PS and TS, and assumes that all nodes are equipped with a single antenna. We further consider that a direct link does not exist between S and D. This is motivated by the fact that the direct source to destination link is assumed to be strongly attenuated, due to deep fading, or shadowing effects, due to surrounding physical obstacles, or both and communication can be established only via a relay node. Such an assumption is widely adopted in research studies related to SWIPT relay communication [6] , [7] , [17] . Also, this assumption corresponds to coverage extension scenarios where the distance between the source and destination is long and relays are used in order to maintain connectivity [13] . This scenario is envisioned in future Internet-of-Things (IoTs) deployments, where RF-powered relays are employed to provide coverage expansion To avoid interference, data transmission from S and R are performed over orthogonal channels in either frequency or time. For ease of exposition, we consider a time division multiple access (TDMA) based transmission scheme, which was initially proposed for conventional relay systems with coherent detection [22] and was later applied to noncoherehnt/differiential systems [23] . All nodes are assumed to operate in half-duplex mode. That is, the signal transmission from S to D is completed in two phases. In Phase-1, the source to relay information transmission takes place. During Phase-2, S remains silent, whereas R uses the energy harvested during Phase-1 to amplify the received signal and forward it to D.
In our setup, h ij , ij ∈ {sr , rd }, denotes the small-scale fading coefficient of the channel between transmitter i and receiver j, and is modelled as independent complex Gaussian random variable, h ij ∼ CN (0, σ 2 ij ). Moreover, we assume that the instantaneous CSIs of h ij are unknown to any terminal. Furthermore, we consider that all links are subject to large scale fading in which the received power is inversely proportional to d α ij , where d ij is the distance between transmitter i and receiver j, and α > 2 denotes the path-loss exponent. We also assume that information transfer is performed using noncoherent signalings such as M-FSK or M-DPSK, where M is the constellation size.
A. Power Splitting-Based Relaying
The communication block diagram of the employed PS relaying protocol for SWIPT is depicted in Fig. 1 . The total transmission time, T, is divided equally into two consecutive phases, each of duration T/2 (sec) [6] , [15] . Specifically, during Phase-1, the source broadcasts its signal x m , where E[|x m (n)| 2 ] = 1, with power P s (watts) according to one of the two following noncoherent modulation schemes. 
where the initial reference modulated symbol is x m (0) = 1, and N is the frame length [24] . More specifically, in the first time slot, the signal received at R can be expressed as
Here, w ra (n) ∼ CN(0, N 0ra ) represents the additive white Gaussian noise (AWGN) associated with the nth symbol, accounting for the receive antenna noise at R. At the end of Phase-1, R splits the received signal into two streams, as shown in Fig. 1 , one is forwarded to the energy harvester and the other to the information receiver (IR) for information processing. Thus, the signal received at IR of R can be given by
where κ = (1 − θ) and θ stands for the PS ratio at R. In this paper, it is considered that 0 < θ < 1, corresponding to a general SWIPT system featuring both wireless information transfer and wireless EH. Furthermore,
is the AWGN at R due to the RF to baseband signal conversion. The remaining portion of the received signal at R is forwarded to the energy harvester, i.e., y EH (n) = √ θy r (n), hence, the overall energy harvested during Phase-1 can be expressed as
with 0 < η < 1 denoting the energy conversion efficiency factor. Since R communicates with D for T/2 sec., the power available at R at the end of Phase-1 is P r = E r /(T /2). During Phase-2, to simplify the analysis, R is assumed to use the whole portion of the harvested energy to amplify the received signal, given in (3), and transmit it to D. At the end of Phase-2, the destination implements differential decoding to recover the data symbols from the received signal, which can be expressed as
where
In addition, w ra (n), w rc (n), and w rd (n) are statistically independent. In (5), s r (n) represents the signal transmitted from the relay after proper amplification. To ensure that the average transmit power of R is P r , the relay normalises the signal to be transmitted by the variance of (3) and s r (n) can be correspondingly, given as
We note that, the power scaling factor in (6), i.e.,
ensures that the average transmission power for data relaying in Phase-2 is fixed to P r and relies solely on the variance of the channel h sr without requiring the knowledge of its CSI at the relay terminal [6] , [15] . It should be further noted that the EH process at R is independent of the power scaling process and it is assumed that EH is performed instantaneously. We would like to point out that the harvested instantaneous energy depends on the instantaneous power gain, namely, |h sr | 2 , but it does not require the knowledge of CSI. The harvested instantaneous energy is simply used as a transmit power in the second phase of transmission. Note that the assumption of instantaneous EH was adopted in [6] . 1 Finally, substituting (3) and (6) in (5) yields
where w sr (n) = √ κw ra (n) + w rc (n) is the overall noise at R with variance N 0sr = κN 0ra + N 0rc . Based on (7), the instantaneous received SNR at D, γ eq , can be given by
and
2) PS With Noncoherent M-FSK:
For noncoherent M-ary FSK modulation, the source transmits the message, x m (n), over the mth orthogonal carrier chosen from an M set of carriers where m = 0, 1, . . . , M − 1. Since at the destination, the source message is detected based on M received symbols, it is convenient to represent x m (n) as a column vector i m+1 with 1 at its mth entry and 0 elsewhere. Moreover, the destination employs noncoherent reception using a bank of M noncoherent correlators to make a decision as to which of the M symbols was transmitted [24] . The baseband equivalent signal at any receiving terminal, j is denoted by an
As a result, the signal model for PS relaying employing noncoherent M-FSK can be represented as
where w ra (n) ∼ CN(0, N 0ra I M ) and w rc (n) ∼ CN (0, N 0rc I M ) are the receive antenna and RF to baseband signal conversion AWGNs at R, respectively, and
is the overall AWGN due to both the receive antenna and RF to baseband signal conversion at D. Furthermore, s r (n) represents the signal transmitted from R during Phase-2 after normalisation, where the amplification gain is chosen to ensure that the average transmission power at R is fixed to P r and thus, s r (n) can be expressed as
By substituting (11) in (10), the signal received at D is given as
where w sr (n) = √ κw ra (n) + w rc (n) is the overall noise at R with variance N 0sr = κN 0ra + N 0rc . Consequently, the instantaneous received SNR at D can be expressed as
and ρ rd = Ps N 0 rd . In the aforementioned noncoherent modulation schemes, it is assumed that all waveforms within one symbol interval are equiprobable and have the same energy P s .
B. Time Switching-Based Relaying
The key parameters in the TS relaying protocol for EH and information processing at R are depicted in Fig. 2a . A certain block of information is transmitted from S to D during a total time of T (sec). Under this protocol, β is the portion of the total time in which the relay harvests energy from the source signal, where 0 < β < 1. Following the same setup as in [6] and [15] for TS, the information transmission is performed in the remaining block time, i.e., (1 − β)T , such that half of the fraction of the time, (1 − β)T /2, denoted as Phase-1, is used for the source to relay transmission, while the remaining fraction of the time, i.e., (1 − β)T /2, denoted as Phase-2, is used by the relay to forward the information to the destination as shown in Fig. 2b . Based on that, the energy harvested at R is given by
Based on the fact that R communicates with D for the time (1 − β)T /2, the transmitted power from the relay node is given by
In the following, we present the details of the signal model when noncoherent M-DPSK and M-FSK are employed with TS-based relaying.
1) TS With M-DPSK:
At the end of Phase-1, the signal received from S is used solely for information processing at R, i.e., no PS is involved and accordingly, the baseband equivalent signal model with M-DPSK is given as
are the receive antenna and RF to baseband signal conversion AWGNs at R and w rd (n) ∼ CN (0, N 0 rd ) is the overall AWGN due to the receive antenna and RF to baseband signal conversion at D, respectively. To ensure that the power of the transmitted signal from R for TS-based relaying with M-DPSK is set to P r , the signal forwarded from the relay node, s r (n) is given by
By setting w sr (n) = w ra (n) + w rc (n), N 0sr = N 0ra + N 0rc , and upon substituting (18) and (15) into (17), the received signal at D, y rd (n), in terms of P s , η, β, d α sr , and d α rd , can be rewritten as
From (19) , the instantaneous received SNR of the relay path, γ eq , can be expressed as (8) with a = 1
, and ρ rd = Ps N 0 rd .
2) TS With Noncoherent M-FSK:
When noncoherent M-FSK signaling is employed, the signals received at R at the end of Phase-1 and at D at the end of Phase-2 can be respectively modeled as
is the overall AWGNs due to the receive antenna and RF to baseband signal conversion at D. The signal received at R in Phase-1 is amplified or scaled to meet an average power constraint P r and thus, the transmitted signal, s r (n), is specified as
y sr (n). (22) Combining (15) and (22), followed by a substitution of (22) back into (21) , yield the signal received at D as
where w sr (n) = w ra (n)+w rc (n) is the overall noise at R with variance N 0sr = N 0ra +N 0rc . Based on (23), the instantaneous received SNR of the relay link, when TS relaying is employed with noncoherent M-FSK, is expressed as (13) with a = 1
C. Ideal Relay Receiver
For completeness, we investigate in this section the ideal relay receiver. Specifically, when the RF-powered relay is enabled by an ideal receiver, the same received signal is used for information processing and EH [11] . As a result, during Phase-1, the relay node harvests energy and processes the information from the source signal and during Phase-2, it uses the harvested energy to forward the source signal to the destination. Consequently, the available power at the relay due to EH is given by
. Using this value of P r in the relay amplification gain and following the same steps as in Sections II-A and II-B, the instantaneous received SNR expression for the ideal relaying receiver can be obtained.
For the convenience of the ensuing analysis, the instantaneous received SNR expressions for the PS, TS, and ideal relay receiver protocols, considering M-DPSK and M-FSK modulations, can be written in one unified general form as
where the constantsâ andb differ in the PS, TS, and ideal relay receiver protocols and are defined in Table I at the top of next page. Furthermore, Ψ is set to 1 for M-DPSK, and M for M-FSK. Remark 1: Note that the SNR expression in (24) differs from the one in [6] for coherent modulation, which is given by
It is notable that the expression in (24) and the one resulting from coherent modulation as above are different, since the random variable |h sr | 2 appears in the second term of the denominator of the latter while it does not in (24) . Accordingly, their associated probability density functions (PDFs), comulative distribution functions (CDFs), n-th order moments, MGFs, ..etc, are also different, rendering the underlying analysis results for the ASER, outage probability, and throughput to be different.
III. THE MOMENTS AND MGF OF THE RECEIVE SNR
In this section, we derive an exact closed-form expression for the moments of the receive SNR, γ eq in (24), and then employ it to approximate its MGF .
A. Moments of the Receive SNR
Since deriving the PDF and CDF of the receive SNR expression in (24) is a challenging task, due to the term |h sr | 4 in the numerator, we alternatively focus on deriving its moments. The moments, specified as μ n = E[γ n eq ], can be derived in the following theorem.
Theorem 1: Assuming that both S → R 2 and R → D links undergo independent and identically distributed (i.i.d) Rayleigh fading conditions, the n th -order moment of the instantaneous end-to-end SNR of dual-hop AF relaying in noncoherent SWIPT systems is given by Proof: See Appendix A.
To the best of our knowledge, this result is novel. It is worth noting that (25) is simple and incorporates the Meijer G-function which is a standard built-in function in most of the well-known mathematical software packages, such as MATLAB, MAPLE, and MATHEMATICA, and can therefore, be easily and efficiently evaluated. Theorem 1 turns out to be useful beyond the scope of this paper. Knowing (25) , one can establish the MGF, AoF, ASNR, outage probability, achievable throughput, and ASER of the system, as will be presented in the subsequent section. Nonetheless, the result in (25) can be further applied to study other metrics, such as the kurtosis and the skewness that characterise the distribution of the receive SNR and the ergodic capacity of the system.
B. MGF of the Receive SNR
By definition, the MGF of γ eq is M γeq (s) = E[e −sγeq ] and can be represented as a formal power series (e.g., Taylor) as
Despite the fact that the moments of all orders, μ n , can be computed in closed-form using the analysis of the preceding subsection, in many cases, we cannot conclude where and whether the power series in (26) is convergent or not. Hence, in practice, only a finite number W can be used. Accordingly, 
with O(s W +1 ) denoting the terms of order higher than W after the truncation. Having (27) in hand, an approximation to the unknown underlying function M γeq (s) can be obtained by evaluating only a finite number of the moments. It is demonstrated in [27] and [28] that the series, presented in (26), can be efficiently and accurately approximated using the PA method. PA is a well-known method that is applied to approximate infinite power series that are either not guaranteed to converge, converge very slowly or for which a limited number of coefficients is known [27] . The approximation is given in terms of a simple closed-form rational function of arbitrary order X for the numerator and arbitrary order Y for the denominator, and whose power series expansion agrees with the W th -order (W = X + Y) power expansion of M γeq (s) [27] . Consequently, the rational function
is said to be a PA to the series (26), if
It is straight forward to see from (29) that the moments μ n , n = 1, . . . , W need to be evaluated to construct the approximant, P [X /Y ] (s). Also, the coefficients x i and y i can be easily obtained by matching the coefficients of like powers on both sides. Several issues concerning approximants and the method to determine their coefficients are included in [27] and [28] . Padé approximants are available as built-in functions in off-the-shelf mathematical software packages, such as MATLAB, MAPLE, and MATHEMATICA. In this work, we apply the subdiagonal PA, P [X /X +1] (s), to approximate M γeq (s), since it is only for such order of approximants that the convergence rate and the uniqueness can be assured [28] .
IV. PERFORMANCE ANALYSIS
In this section we exploit the mathematical tools presented in the previous section to derive a number of important performance measures for SWIPT relay networks employing noncoherent modulation.
A. Receive Average SNR (ASNR)
The ASNR is the most common and well understood performance measure characterising a digital communication system, owing to its ease of evaluation. It also serves as an excellent indicator of the overall fidelity of the system [29] . The ASNR corresponds to the first moment, μ 1 = E[γ eq ], which can be computed by setting n = 1 in (25).
B. Amount of Fading (AoF)
For the instantaneous receive SNR, γ eq , the AoF is defined as [29] 
which is obtained by substituting (25) in (30) .
C. Outage Probability
The outage probability, P out , is another standard performance criterion of wireless systems operating over fading channels. It is defined as the probability that the instantaneous SNR, γ eq , of the S → R → D at D falls below a certain predefined threshold, γ th , namely,
where γ th = 2 R T −1, R T is the transmission rate, and F γeq (.) is the CDF of γ eq , and can be evaluated by [30] 
where M γeq (s) is the MGF expression pertaining to γ sr , and L −1 (.) denotes the inverse Laplace transform. Herein, to evaluate the outage probability, we follow the well-known MGF approach which is achieved by substituting the MGF expression given in (28) into (32) , and applying the accurate Euler numerical technique for the inversion of the Laplace transform presented in [30] . Following the steps illustrated therein, the outage probability of the S → R → D link of noncohernt SWIPT systems can be calculated according to
with β n = 2 when n = 0 and β n = 1 when n = 1, 2, . . . , N , and A, Q and N denote the truncation parameters. Furthermore,
E(A,N,Q) denotes the overall discretisation and truncation error term which can be approximately bounded by [30]
|E (A, N , Q)| e −A 1 − e −A + 2 −Q e A/2 γ th Q q=0 (−1) N +1+q Q q × ⎧ ⎨ ⎩ Mγ eq A+2πj (N +q+1) 2γ th A+2πj (N +q+1) 2γ th ⎫ ⎬ ⎭ .(34)
D. Throughput Analysis
The throughput, τ , measures the rate of successful information decoding at the destination node, given a fixed transmission rate R T , and is defined for the TS and PS relaying protocols as
respectively, [6] .
E. Average Symbol Error Rate (ASER)
The aim of this subsection is to analyse the final performance criterion of the underlying SWIPT relaying scheme. By exploiting the PA method described in Section III-B, and the well-known MGF-based unified approach to the ASER analysis for noncoherent and differential modulation over fading channels [31] , the ASER of arbitrary M-ary noncoherent modulation schemes can be readily evaluated as follows.
The unconditional ASER of the proposed system under Mary FSK modulation scheme is given by [31] 
When M-ary DPSK is employed for SWIPT relaying, the ASER is expressed as [31] 
where g sin 2 (π/M ). Although a closed-form expression cannot be obtained, (38) can be easily computed numerically since it presents a finiterange summation and an integral involving integrands composed of closed-form approximations. By substituting (28) in (37) and (38), the ASER performance of noncoherent M-FSK and M-DPSK modulation schemes can be evaluated for the desired relaying protocol of any modulation size.
V. ASYMPTOTIC ANALYSIS
Although the expressions in (33), (37), and (38) are based on a very tight approximation of the MGF of the receive SNR, they do not provide useful insights into the system performance. Consequently, in this section, we derive further asymptotic expressions which can be used to provide deep insights into the system performance of the considered system model.
Specifically, considering (24), we can alternatively write it as
where, γ hop 1 =âγ sr and γ hop 2 =bγ sr γ rd , and γ hop 1 = aσ 2 sr . Examining (39), we note that two SNRs, namely, γ hop 1 and γ hop 2 , parameterise the performance. Allowing the two SNRs to become large does not simplify the analysis further; therefore, we allow only γ hop 1 to approach infinity, which could be justified when the relay is placed very close to the source. In particular, as γ hop 1 → ∞ + , (39) can be expressed as
which follows by setting σ 2 sr = 1 for a Rayleigh fading channel.
In the following, we derive asymptotic expressions for the outage probability and the ASER of the system as follows.
A. Asymptotic Outage Probability
The asymptotic outage probability of (33) is given in the following proposition.
Proposition 1: The asymptotic outage probability of a noncoherent dual-hop SWIPT AF relay network, when the average SNR of the first hop; S → R, approaches ∞ + , can be given as
Proof: See Appendix B By knowing the mathematical behavior of the Meijer Gfunction and recalling thatb =
ρ rd for TS-based relaying, where
, we can note from Proposition 1 that asb increases, corresponding to increasing the average SNR of the second hop, the second term in (41) increases and the outage probability decreases. This suggests that when the average SNR of the first hop is very high, the outage probability of the system decreases regardless of the PS or TS ratios, i.e., θ or β in PS-based or TS-based relaying, respectively, This will be confirmed in the numerical and simulation results shown in Section VII.
Special Case: whenb → ∞ + , corresponding to the case when the average SNR of the second hop; R → D, grows large, we apply the asymptotic representation of the Meijer G-function given in [32, eq. (41) ] to derive the outage probability in terms of basic elementary functions as
where Ω = (4λ 2 sr λ rd )/γ th . It is straightforward to notice from (42) that asb → ∞ + the term t 2 dominates over t 1 . In other words, the convergence of t 2 to zero is slower compared to t 1 , and accordingly, P ∞ out2 can be reduced to
We focus now on investigating the diversity order to gain further insights into the impact of EH on noncoherent relaying systems. Setting SNR =b, a careful examination of (43) reveals that the outage probability of the considered SWIPT relay system for a given rate, R T , for both PS and TS relaying schemes, behaves as P ∞ out2 ∝ SNR − 1 2 at high SNR, which gives rise to a diversity order d = 0.5 as
It is therefore easy to see from the previous discussion that the obtained diversity order for the considered noncoherent SWIPT system is less than 1. It can also be concluded that the system performance is limited by the second hop; R → D, which is the weaker hop, since it is subject to the cascaded fading effect, resulting from EH at the relay node.
B. Asymptotic ASER
In order to derive the asymptotic ASER, we utilise the asymptotic CDF, i.e., F ∞ γeq (γ th ) obtained in (41) to derive the asymptotic MGF in the following proposition. 
Proposition 2:
The asymptotic MGF of the approximate receive SNR of a noncoherent dual-hop SWIPT AF relay network when the average SNR of the first hop, S → R, approaches ∞ + , can be given as
Proof: The proof follows by recalling the definition of the MGF, M γeq (s) = E[e −sγeq ], then using integration by parts to express the MGF in terms of the CDF as
By substituting the asymptotic CDF of (41) 
of basic elementary functions as
where ξ = 4λ 2 sr λ rd . Similar to (42), (47) can be further reduced to
Capitalising on the previously derived asymptotic MGF expressions, the evaluation of the ASER of M-ary FSK and M-ary DPSK is discussed in the following Corollary.
Corollary 1: The asymptotic ASER of M-ary FSK and M-ary DPSK of noncoherent SWIPT relaying systems can be evaluated by substituting (45) or (48) in (37) and (38), respectively. For the special cases of binary FSK (BFSK) and BDPSK, the asymptotic ASERs can be obtained in closed-forms by substituting either (45) or (48) in P [31] .
Proposition 2 and Corollary 1 reveals that asb increases, corresponding to increasing the average SNR of the second hop, the second term in (45) increases and P ∞ se BFSK and P ∞ se BDPSK decrease. This suggests that when the average SNR of the first hop is very high, the ASER of the system decreases regardless of the PS or TS ratios, i.e., θ or β in PS-based or TS-based relaying, respectively.
VI. NUMERICAL AND SIMULATION RESULTS
In this section, we provide numerical and simulation results to illustrate and validate the accuracy of the proposed analytical framework. Unless otherwise stated, we set the source transmission rate to R T =3 bits/sec/Hz, the EH efficiency η = 1, the source transmission power P s = 1 Watt and path loss α = 2.7 [6] . We assume that N 0 N 0sr = N 0 rd and for simplicity, we assume that the antenna noise and information receiver circuit noise at the relay node have equal variances, i.e., N 0ra = N 0rc N 0 /2. Since the only energy supplied to the whole network is the transmit power, P s , applied to the source, the performance of the whole system is parameterised by SNR P s /N 0 . Furthermore, the distances d sr and d rd are normalised to unity. Additionally, the mean values, λ sr and λ rd , of the exponential random variables γ sr and γ rd , respectively, are set to 1.
Following the parameter values used in [30] , in our simulation results, we consider A = 23 and parameters Q and N are set to 15 and 21, respectively, so as to ensure a discretisation error that is less than 10 −10 . However, the overall resulting error is negligible compared to the actual outage probability value. In Figs. 3 and 4 , we analyse the impact of β and θ on the outage probability, P out , and the achievable throughput, τ , of the system, when the SNR is fixed to 20 dB. As it can be seen from Figs. 3 and 4, there is a perfect match between the simulation and the analytical results for the entire range of the values of β or θ, indicating the high accuracy of the PA method applied to approximate the MGF of the receive SNR. It can be also observed that unlike the TS protocol, the PS protocol has an optimal value for θ that minimises the outage probability. While Fig. 4 demonstrates that there exists an optimal value for β and θ maximising the throughput. This is because, for the PS protocol, as θ increases from 0 to an optimal value, (θ = 0.631), more power is exploited for EH and consequently, the relay node transmits with a higher power. Therefore, the outage probability is reduced and, yielding higher values of throughput to be observed at the destination. However, as θ increases from its optimal value, more power is consumed on EH and less power is left for source to relay information processing. As a result of weak signal strength received at the relay, the relay amplifies the noisy signal and forwards it to the destination, leading to a higher outage probability and smaller throughput to occur at the destination node. On the contrary, as β increases from 0 to 1 for the TS protocol, more time is spent on EH and, thus, higher power is available at the relay and less outage probability is observed at the destination node as a result of a higher receive SNR. However, the performance of the system in terms of the throughput has a similar trend to that marked for the PS protocol. In particular, as β increases from 0 to an optimal value (β = 0.221), more time is allocated for EH causing higher power to be available for information relaying and, thus, higher throughput is observed at the destination node. On the other hand, as β increases above its optimal value, less time is available for information transmission due to a smaller value of (1−β)/2, and as a consequence, the throughput observed at the destination node decreases.
Remark 2: In order to carry out a fair performance comparison between the TS and the PS protocols, it is desirable to find the values of β and θ that maximise/minimise the value of the performance metric, i.e., throughput or ASER. Due to the PA approximation of the MGF of the receive SNR, the task of finding closed-form expressions for the optimal values of β and θ seems intractable. Nevertheless, the optimisation can be done offline by numerically computing the optimal values of β and θ that maximise/minimise the value of the throughput/ASER, for certain given system parameters, including, EH efficiency η, source transmission rate R T , source power P s , S → R distance d sr , R → D distance, d rd , and SNR value. Fig. 5 , we examine the optimal throughput, τ , for different values of SNR such that the performance gain of one relaying scheme over the other can be quantified at any target throughput. Furthermore, the conventional grid-powered non-EH relaying system is plot as a benchmark. 3 Fig. 5 shows that at lower SNR values (from 0 to 15 dB) both TS and PS schemes outperform the conventional non-EH AF relaying protocol, assuming that noncoherent modulation is applied. This stems from the fact that the SWIPT relaying system is able to boost its overall performance over the non-EH system by allowing the relay to harness extra energy from the source RF signals while accounting for the energy-rate tradeoff. However, it can be also noticed that the non-EH relaying scheme outperforms the two SWIPT relaying protocols as the SNR exceeds 15 dB. This is due to the effect of cascaded fading resulting from instantaneous EH at the relay as shown in the numerator of the receive SNR expression in (24) . Comparing the TS and the PS protocols, Fig. 5 illustrates that the TS protocol is superior to the PS protocol in achieving higher values of the throughput in the low SNR regime. This result is consistent with the one presented in [6] for coherent modulation in SWIPT relaying systems, where the same instantaneous EH assumption is considered for a single relay. Fig. 6 plots the optimal throughput for the ideal relay receiver, the TS and the PS protocols for different values of antenna noise variance, N 0ra (see Fig. 6a for fixed N 0rc = 0.01) and different values of conversion noise variance, N 0rc (see Fig. 6b for fixed N 0ra = 0.01). As expected, the performance of the ideal receiver outperforms the TS and PS protocols for different values of the noise variances, since it is based on the assumption of processing information and extracting power from the same received signal. It is interesting to note that the throughput performance gap between the TS protocol and the ideal receiver becomes constant, as noise variances, N 0ra or N 0rc approach 0. On the other hand, Fig. 6b shows that the throughput performance gap between the PS protocol and the ideal receiver decreases, as conversion noise variance N 0rc approaches 0. Fig. 7 presents the optimal throughput, τ , for both the TS and the PS protocols with respect to the EH efficiency, η, for three different values of the SNR, i.e., SNR = 10, 15, and 20 dB. It can be observed that at a high SNR value (SNR = 20 dB), the PS protocol outperforms the TS protocol for the entire range, while it is vice versa at a low SNR value (SNR = 10 dB). However, at SNR = 15 dB, which is the intersection point shown in Fig. 5 , the TS protocol outperforms the PS protocol when η ≤ 0.6 and as η increases beyond 0.6, the throughput performance gap between the two protocols becomes almost insignificant.
In Fig. 8 , we plot the asymptotic outage probability results derived in (41), (42), and (43) against the SNR, for both the TS (β = 0.5) and PS (θ = 0.5) relaying protocols. It is observed that all three asymptotic results perfectly match the simulation results in the high SNR regime, proving their high accuracy and significant simplicity in computing the outage probability in this region. Fig. 9 presents the ASER performance of BDPSK and binary FSK (BFSK) vs. β and θ for the TS and the PS protocols, respectively, while fixing the SNR at 20 dB. The analytical results are obtained by computing (38) and (37) for BDPSK and BFSK, respectively (M = 2). Several important performance insights can be extracted from Fig. 9 . First, it is observed that the TS protocol outperforms the PS protocol across the entire range of β or θ values. Second, it can be noticed that for binary signaling, the performance of the noncoherent BFSK scheme is inferior to the BDPSK scheme for both TS and PS protocols. Third, Fig. 9 demonstrates that there exists a unique optimum value for the PS protocol at which the ASER value is minimised, while this is not the case for the TS protocol.
To examine the impact of higher constellation size M > 2 on the ASER performance of the adopted noncoherent M-DPSK and M-FSK signalings, we depict in Figs. 10a and 10b , the ASER performance of the TS and PS protocols for 4-DPSK and 4-FSK, and 8-DPSK and 8-FSK, respectively, when the SNR is fixed to 20 dB. For the case of M = 4, Fig. 10a illustrates that 4-DPSK slightly outperforms 4-FSK, irrespective of the SWIPT relaying protocol, i.e., TS or PS. As M is increased from 4 to 8, it can be observed from Fig. 10b that 8-FSK significantly outperforms 8-DPSK, irrespective of the SWIPT relaying protocol. The preceding results suggest that when M ≥ 8, M-FSK becomes more energy efficient in terms of energy consumption than M-DPSK. This is also reported in [15] .
Finally, in Fig. 11 we present the asymptotic ASER results derived using the MGF asymptotic expressions in (45), (47), and (46) with respect to the SNR for the TS (β = 0.5) and PS (θ = 0.5) relaying protocols considering BFSK and BDPSK. It is shown that all asymptotic results fully coincide with the simulation results in the high SNR regime. This verifies the accuracy and efficiency of these results in quantifying the ASER performance of the system in this region.
VII. CONCLUSION
In this paper, we presented analytical expressions for the moments and the MGF of the end-to-end SNR of a noncoherent SWIPT dual-hop relay system, adopting the TS or the PS as the receiver architecture at the relay node. Capitalising on these expressions, we proposed new unified formulas for various performance metrics, including the outage probability, achievable throughput, and ASER of two noncoherent modulation schemes. Further, we derived and presented novel asymptotic expressions for the outage probability and ASER. Additionally, we analytically demonstrated that the diversity order of the considered system is less than 1. Furthermore, the offered unified asymptotic results are applicable beyond the scope of this paper and opens the door for simple further analysis of a wide array of other scenarios and performance metrics, such as ergodic capacity. The analytical model was corroborated with computer simulations. Our results demonstrated that there is a unique value for the PS ratio that minimises the outage probability of the system, while such a value does not exist for the TS protocol. We also showed that, considering the system throughput, the TS relaying scheme is superior to the PS relaying scheme at lower SNR values. The outage probability of the approximated γ eq can be expressed as 
